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RarkfTTOun^ *Y Tpvention 
TWs invention relates to a laser light souree suitable for displacement and 
dispersion measuring interferometers, which can be used to measure displacements of 
Ugh-performanc. stag^ e.g.. r«iele and/or wafer stages, in a lithographic scanner or 

stepper systems and integrated circuit (IC) test equipment. 

Displacememmeasuringin,erferome.ersmomtorchangesin.hepos,..o„ofa 

measurement object relative to a refer»,ce object based on an optical interference stgnal. 
T„e int«terome.er generates me optical interference signal by overlapping and 
int«fering a measurement beam reflected from the measu^ent object wtth a reference 
beam reflected ftom the reference object. The light source for many displac«nen. 
measuring interferometer is a single-wavelength. fle,uency-s.abihz«l las«. see. e.g.. 
..Recent advances in displacement measuring in.erferoae.ry" by N. BobrofT. 
M«««<Sc.-c.d r.c/.„a;<.s.4.907-926(1993). The accuracy of U.e 
aispla^men. measurem«.. vmes directly with the wavelength stability of the U^t 



source. 



tomany applications, the measurement andrefer^-cebeamshaveorthogonal 
polarizationsand,te<,uenciessepara.edbyaheterody.e,spU..fte<,uency The^h.- 
Liuency can be produced. c.g., by Zeeman splitting, by acousto^ptica. modulat... or 
by positioning a birefiingent element internal to tite laser. A polarizing beam sphtter 
toctsthemeasurementbeamalongameasurementpathcontactingareflective 

measnrem«..objec,directsthereferencesbeama.ongarefe«ncepath,a„dU,ereaft. 

.combines tite beams to form overUpping exit measurement and reference b^. The 
overlapping exUbeams form an outputbeamthatpassesthroughapolarizerti^m^es 

poumzations of the exit measurement and reference beams to fonn a mixed beam, 
components of ti,e exit measurement and reference beams in the mixed beam mtt^ere 
wi«,oneanofl.«sotha.thein.ensi.yof.hemixedbeam varies withtherelattvephaseof 

the exi. measurement and reference beams. A det«tor measures the ttme-dependent 
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« of fte mixed b«m and gene««s an elccrtcal interference signal propomonal ,o 
,ha. intensity. Because the measutment and reference beams have different freq-n-s. 
the electrical interference signal includes a "heterodyne" sipml at the split frequency. 
When the measurement object is moving. e.g., by translating a reHective stage. Ute 
heterodyne signal is a. a frequency equal to the split frequency plus a Doppler shtfi. THe 
Doppler shift equals IvplX. where v is the relative velocity of the measurement and 
reference object^ is the wavelength ofthe measurement and reference beams, and p .s 
dte number of passes to the reference and measurement objects. Changes in the opttcal 
path length to the measurement object correspond to changes in the phase ofthe 
measured interference signal, with a 2n phase change substantially equal to an opttcal 
path length change ni of Up, where n is the average refractive index of the medtum 
through which the light beams travel. e.g.. air or vacuum, and where Lisa round-tnp 
distance ch^ge. e.g., the change in distance to and from a stage that includes the 

measurement object. 

For high performance applications such as IC manufacmring the quantity of 

interest is the g»me«rical length L and not the optical path length nL, which is what ,s 
measuredbythedisplacement measuring interferometer. lnparticular,changesm»i can 

be caused by changes in the refraetive index „ ra^er than by geometric changes m the 
relative position of Ute measurement object For example, in lithography applications atr 
mtbulence, particularly m the region surrounding a moving wafer or reHcle stage, can 
cause changes in n. Such changes need to be determined to obtain accurate geometnc 
displacement measurements. If not corrected, the overlay performance and yteld of a 
Umography tool used to manufacture ICs can be seriously limited. See, e.g., "Residual 
errors in laser interferometry from air turbulence and non.linearity."byN.Bobr„fi;^Pp/. 

CIpr. 26. 2676-2682 (1987). 

Techniques based on dispersion interferometry have been used to compensate 
displacement measurements for air Wrbulence. In particular, interferometric 
displacem«.t measurements are made at multiple optical wavelengdts to determme the 
dispe^ion of the gas in the measurement path. The dispersion measurement can be used 
,0 convert an optical path length measured by a distance measuring interferometer .nto a 
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geometfcleng*. The conversion also r«,uiresk«,wl«ige of an mmnsic value for *e 
.fracivityofftegas. A suiuble value is r . whioh is fte reciprocal dispersive power of 
fte gas for .he wavelengths used in tt.e disp«sion inBrferometry. In generaU me 
sensitivity of the dispersion measurement to the consequences of air-mrb«lence 
correction increases as F decreases. 

Slimil""'"'''!"' 

The invention feamres a displacement and dispersion measuring interferometry 
system having a Helium-Neon laser li^t source. The Ugh. source can be a Helium-Neon 
laser tot includes an intracavity doubling crys.al and an in«acavi.y eulon to generate 
twoharmonicallyrela.ed,single.fc,uencywavelengfl>satsu.ficientpowersfor 

iuterferometric Aspersion measurements. Alternatively, the Ugh. source can be a smgle- 
S modeHeli«m-Neonlaserto.dir.c«asingle.|re,uencyinpu.beamintoaresonant 

a external cavity enclosing a doubling crystal to generate two harmonically related, smgle- 

S ftequencywavelengthsatsufficientpowe^forintoferomaricdispersionmeasuremen^. 

1 teaddidon«>dispe.ionmeasurements.theinhere„twavelengths.abUi.y 

* Keonso«rcepermi,shigh-accuracydisplacemen,n,easureme„.s. Thus, Ore Helium-Ne^t 

k ^^ Ught source is sufficient for the interferometry system to sUnultaneous.y measure 

I displacement and dispersion, and correct the displacement measurement for atr- 

S nirbulence using the dispersion measurement. 

5 to general, in one aspect the invention features a Helium-Neon laser light source 

iucluding:aHeUum.Neon gain medium;apower source electrically coupled.o*e gam 

medium which during operation causes the gain medium to emit optical radiation at a 
first wavelength; a nonUnear optical cry^ which during operation converts a portion of 
the optical radiation at the first wavelength into optical radiation a. a second wavelengtt. 
tot is a harmonic of the firs, waveleogti.; an etalon; and a, least ^vo cavity mirrors 
enclosing the gain medium, the non-linear optical crystal, and tire etalon to define a laser 
oavity, wherein during operation tire etalon causes the cavity to lase a. a smgle ax.al 
mode, and wherein a. least one of ti.e cavity mirrors couples the optical radiation at the 
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fi^ and ^ v-avelcnrhs into mo tarmomoaUy relart single-ftequenoy, output 
beams at th» first and second wavelengths. 

Embodiments of the laser light source can incWe any of the following fea«>res. 
Abireffingent filter can be positioned withinthe cavity andorientedtoselectapartioular 

Helium-Neon laser transition. The from and back faces oftheorystal through whichto 
™tical radiation propagates can be parallel to one another to within 1 mrad. The at east 
two cavity mirrors can include two end mirrors and at leas, one fold mirror. The at least 
one fold mirror can have a coating that is less titan 4% reflective at 3.39 micn>ns. 

Also the laser light source can firther include a detector and an mtenstty 
cont«,ller. During operation me detector mea^ an intensity of a portion of the output 
beam at ttte first wavelength and sends an intensity stabilization signal to tire tntenstty 
controller indicativeofUteintensityofthe output beam atthe fust wavelengti.. The 
i intensitycontroUercausestitepowersourcetoadjustcmrentflowthroughthegam 

'A medium based on flie intensity stabilization signal. 

i Furthermore, the laser light source can include diff«ent embodiments for ttte 

I HeUum-NeonUght source. For example, tite Helium-Neon gain medium can include a 

" vacuummbefiUedwi,hHeliumandNeongases>cmbehavingopposi.eendsw,tha 

O Brewster windov, at one end and a bellows hetmetically seaUng the other end to one fte 

il cavity mirrors. Also, the Helium-Neon gain medmm can inch.de multiple vacuum n*es 

S each filled with Helium and Neon gases and multiple fold mirrors foldmg tite multiple 

■3 mbes into tire laser cavity. Furthermore, the Helium-Neon gain medium can include an 

enclosure of HeUum and Neon gases, the enclosure having an elongate cro«-secBon and 
being surroundedatopposite ends by mirrors titatdefinemultiplepassesthrough ate 

enclosure within the laser cavity. 

to general, in anoflter aspect, ttte invention featitres a Helium-Neon laser hght 
source mcluding:asingle-modeHeUm„.Neonlaserwhichduri«gop«ationgeneratesa 

single-frequency input beam a. a fit.t wavelengfl,; a nonlinear optical crystal external to 

la^r which during operation converts a portion of the input beam at ttie first 
wavelengfl. into optical radiation a. a second wavelength that is a harmonic of the firs, 
wavelengfl. andapluraUty of mirrors enclosingthenonUnear crystal to definearesonant 
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e.«™a. cavity. on. of *e couples optical ra<i,a.,o„ a, . 

wavelength fem.heinpu.be=n,in,o,heex.en.a.cavi,yanda>.o.hero„eof.hn,,r,o. 

oouples opucal radiation a, tt.e firs, and second wavelengths ou. of Ore extendi cav,n, .o 
pice «.o hannccally related, stagle-Muency. ou-pu. beams a. «,e firs, and second 

""'"Hodimen^ of ei.her of *e Helium-Neon laser Ugh. source described above 
ca„includeanyoffl.efollo«ingfea«.r«. The two harmonically related, smgle- 
fte,uency,outputbeamscanbeco.xtensive.Theinte.^tyofeachoutputbeamcanhe 

^.rthan aboutO.5 mW. The las« light sources can fur^er include a transduce 
lupled to one of the cavity mirrors and a wavelength controller. During operatton the 
JelengthcontroUercausesUtetransducertoadjustthecavitylengthof^elaser^^^ 

orex.erna.cavi.y,respectively,basedo„awavelengthsU,ili.tions,^lde^^^ 
oneoftheoutputbeams. Forthelasercavity.forexan.ple.thewave.engths.ab. zatto 

signal can be generatedbycomparingtheou.pu.fte,uency.od.efte,ue„cyproduoedby 

.ference laser or a temperature-controlled Fabry-Perot cavity, or by analyzing *e 
«^on of are outpu. beam through a gas absorp«on cel. having well-es.abl.hed 

absorption spectra. AUematively. for ti.e laser source having ti,e exlema. cavr^.. 
cavi.y-lengU.con«,llercancause«.e«nsducer.oadius.ti.ecavi.yleng.hbasedona. 

e,„rsi^alderivedfrominpu.beamUgh.notcoupledintotheex.emalcav,.y. 

Also, ti,e laser Ugh. sources can further include first and second acous^-optical 
modulation systems positioned external to the laser cavity or external cavity. «spect.vely. 
During operation the first modulation system generates a fte,uency spli«mg ^twe«. 
o^hogonal polarization components of the output beam at the first wavelengU, and *e 
second modulation syslem ge„era.es a frequency splining be«,een orthogonal 
polarization component of tt.e ou, u. beam a. fte second wavelengtt.. 

Furthermore, .he laser ligh. sources can fi.rth» mclude a heating elemen. 
«.e,m.lycoupled.o.hecrys.alanda.emperan.recon«oller««tcausestheh^^^^^ 
elementto maintamacrystaltemperamre suitable fornon-criticalphasematchrngftire 

..tical radiation at the firs, and second wavelengths. The non-linear optical cr^tal can 
have an optic axis oriented substantially perpendicular to the propagation dtr^tion of the 
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„pHoa,™.ia.io„^U.n.hec^s«..Forexan,p.e,U,e„o„..„earop„caU.,s.^^ 

l.eafo.cn.icalph.= ».cH„sof«.eop«ca— at*cfl,«a«.«^nd 
:l„..haan.can.e,e.s.,o„eofUU.™,«b<.tea30,.Be..Ban„n.Bo™.e 

(860, or Lithium lodateCLilOj). 

^„ano*«aspeo.,*e — fea»«sanin,erfe.o»=..,sys.e.— 

of me HCto-N^n laser Ugh, sources described above and a dispcion 
!ld^„Sop=ra«on — dispersio»a.o..apa..oa»eas„r«nen.o,ec.„s>n. 

lieht derived from the two output beams. 

M,e.anott>erasp.c.,*e,„ven.io„sfea.uresa„— e«ysys.en.,nc.u^. 

,«,erot.^=HeUu»-Neo„,aser,igbUou^sde..bedabove,a„— .er,anda„ 
Jcalan^^sva^n. 0„ri.. opera^on d.e —er d.ec. firs. and se.n 
lure„e„.bean.a,o„saccnnnonpa«,con,ac«nsare«ec«ve— 
.„dcombinestt,ereflec,edf,rs,measuremen.beamwi*afirs.referenc.be^«.fo™a 

TexUbea^and^e reflected seco„dn.easuren,entbean..i*aseco„dref«ence^^^ 

:^om.asecondexi.bean. Tbe «rs. ™eas,^=n. and ref^ bean,s are der.v.d ^« 
::n,p„,b.an,^n,d.e.aserUBb.so„,cehavi„.«,e«rs.wave>en..a„d«.eseco^ 
!«slen.andreferencebea..aredeHved^.U>eou.pu.bean,.o..be^.^^^^^ 
.^ehavi„,.beseco„dwave.e„,m.T.e«rsta„dseco:^cxi.bean.are-„drca„veot 

Uesi„.beop.ca,pa.>en.«..o*e.neas„re.en.obiec.a..eflrs.a„d^n^^^ 

„avL^. During operaUon, opUca. analysis sy^eu, ^ eban^^ *. 
,eo«em.p.«..engm.o.hen.=as«re.en.obiec.basedon*e«rs.andsecondexU 

'^•ingenerai.inye.anomeraspec.d.einvenuonfea^^sanin.erferomeuysy-^ 
including: a Helium-Neon laser Ugh, source *a. generals «,o hannonically relared. 
:Ce-«ou.„.bean.s;andadispersi„nin.erferon.e,er.Mchdu™^^^ 
luresdispe.ionalo„gapaU..oan,easuren,.n,obieo.usingligh,d«.v^ 

'"°Tg;i;inye.ano.eraspec..ein,en..„nr=a,uresanin,errero.e,rysys»n. 
i„cluding:aHeliun,-Neon.aserUgh,sourc=«genera.es,»o harmonically relaie^^ 
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^„a.easu^».b,an,wi.asecc„d...„cebea«.oro™a.ec„„d««^^^ 
Th. fits, measuremen. and reference beams are derived fron, .he ou.pu. bean, fiom tt,e 

re.t.so^eHav.„s.efirs.«ave.cn "--'^^ 
:LtdeHved.on,*e.u.pu.bea„.^n.«.e,aserUsh.so«cebav»g*esecod 

reen,tt..T.efi..andsecondexi.bea.sa.indieaUvecfehangesi„«.eop«oa.pa* 

.obiec.a..Hefi..a„dseeona«ave.en^. D^^^ 
«,et«ana.ysissys.en.de..n„inescba„SesinU,eseon,e.ricpaU..e„gU,.o«,e 

„ea»re,nen.objee.basedo„fl.efirs.andseoondexi.beams. 

taa„od>eraspec..teinventio„feamresaUU,og«physys.emforusem 
fabrica«n.in.e.a.ed..u..o„a.are..T1.es,s.en.«ude.:as.asefor — 
^aferanm— „sys.em for imaging spa.iaUypa«en,edra6a.onon»*e«^e^^ 

;t;„ingsys.en.«.radi.^ng.hepos«io„of.es.gere,a«ve.o*ei„«gedr^^^^^ 
!::l.J.o„eof«,ein.erteron,e«ysvs.en»describedabovefor.easnr,ng*epcs..on 

7n ye. anCher aspeC, U,e inven.ion fea»es a Urography sys.en, for use in 
^ric.insin.egra.edoirenUsonawafer.Thesys««,inc.udes:asUgeforsuppor.u,^ 

l;anLiUnnnna.ionsys.en,i„cMingaradia.o„so„ro.a.nas.ap„s.U^^^^ 

^.e..a.ensassen.b.y,a«da..eas.oneotU>ein.erferon,e«ysys.en,sdescr.b^*^^^^ 

L,sope.a.».d.eso»reed.««radiaaon.brougb.ben,as..oproducespa.* 

pJedradia«on,U.eposiUoningsys.en.adius.«..posi«onof*emasre..«^^^^^^^ 

ldiaaon^n,*eso„roe,he.ensasse,nb.yi.nagesU,.spatia.,ypa«ernedrad..^^^^^^^ 

r:a^,a„d.hein.erferon.eUVsys.e™n.easures«.e^i«onof.emas.re.a«v..U.e 

radiation from the source. 

%nye.an„U.eraspec..*einven„onfea.uresaUmograpbysys.en.forftbneaUng 

i„„gra«d oirc* inotading firs, and second ccmponen.. and a. .eas. one of *e 
i„.lon,e.rysys.e.nsdescribedabove.Theflrs.andsecondc„n,ponen,saren,ovabIe 
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. „,her The firs, component includes to measurement object, and the 
;r:::::r:»^-;os,ttono.thefirstcomponentre..^^ 

component. lithoeraphy system for fabricating 

In yet another aspect, the invention features a hthograpny y 

mterierum j ♦ ;„^inH«.«: the measurement object, the 

u^fW The first component mcludes me mcoaui 
relative to each other. The nrsi CO p . f.^n^me the exit beams, and the 

i-*u«««.T,v,v mask The system includes, a source proviuu s 
fabricatmgahthographymask. T >. ^ ^^^W, for 

pa„emas„hs.rate;as.age suppor.mg.he substrata ^^ ^^^^^^^ 

deUveHnsthe^iteheam^to—ap—g.-^^ 

.d beam direc.ing assembly rcM-ve - ^ 
systems descdbed above for measuring fte postbon of fte sage re 



"n^^.-*-p--— rCa 

,.,ud.gpro.d.g.oharmonlc.,y.la.ed,s,ng,e.Mu— 
He,ium.Neonlaserli^.source;andmeasuringd,sper«ona.ongapaUt.oam 

..ludli.:::!/- — re.a.ed,sh..e.^uency«u..^ 

:;„m:l..U..sou..,and.— 
geometric path length to a measurement object using ugn 

the interferometry methods described above. 
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,„ ye. ano*« aspecMhe invention fea».s a Umo^phy m=U.oa for use » *c 
. ■ The lithoeraphy method includes: directing input 

relative to the nput radiation, measunngmciJ 

^1. using any of in,erf«on>e«y me^ods described above, .here,n one of a 
:::::Ien.Le™™.obiec.andin,as..*espa.ai,Vpa«e™ed — on^^ 

"^"■,ye.a„o«>e.aspecUbe — fea.uxesaU«.o^hyn.e«,od.rf^^^^^^ 
,e,.:.oi.«i.ona.afe.„o,udins:posUion.sa«.co,„pon.n.of^^^^^ 

,»Hve to a second component of a lithography system to expose the wafer to 
^^ M, an measuringtheposiUono 

' r tn» us ng any of the interferometry methods described above, wherein 
the second component using any oi m 

the first component includes the measurement object. 

^yetanother aspect, the inventronfeaturesabe^wri^ngmethodforusem 

■ ■■,„„^hvmask The method includes: directing a write beam to a 

rrL:l-~.si.n.g.esubstratere,a.^^^ 
ruringtLpositionofthesubstraterelativetothewritebeamustnganyofthe 

interferometry methods described above. 

;eLtionhasma„V advantages. TI^HeUum-Ne^iaserhs^tsour. 

.eneratloharmonicallyrela.ed,si„s.e-«-e,e„Sms(632.8nmandm^ 
:^:lsuf«cientford.spersioninterferome.ry,e.g.,outpu.pow«.^^^^ 

w L intracavity etalon causes the laser to operate in a smgle axtal mode to thoeby 
:irrgleLenc,wave,eng...ad.aon,bec^^ 

„basarelaUvelynarrowemissioncurve(abo«tl.5GHzat632.8nm),me 

::::s:;:ofthesi„gie-„^ve.eng.ise^^^ 

, ^ 1 «f thP laser cavity length can fiirther enhance the 
ift*^ Routine feedback control of the laser caviiyiciig 

lL!^s*Utytobetter.ban,part.nlO^Moreo.er,the„eUum« 
,eon.p^robus,and.ong-Uv^«la«v..omany.aserswithother gammed.. 
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Neon gas slab boU. iaorcase U.c oompacmess of .he laser and iu ,n.ens«y outpn.. Also, 
^ l«Bn.«.sp™a„cen,n.M.pai.of— ,..a.ed..^^^^^^^ 
;la„,s.e.b,ino.easlns.eove.a>,powsene..edbv.eHsh.so 

Tl.epropertiesofmeHeUnm-NeonlaserUghtsourceeanbce.plo-.edma 

aispJ^l^^a^ddispersionn,eas„rlngintcrferon.e»y system. Thetw„H» 
i:::yrc.a.ed:s.glc.e.eneywave.^^ 

r::!^^— tfora^tntb.^^^ 

r2(lnma„d31Mnm)aree.ec*usefhUor.h.dlspe.lon»eas„remcnt 

^Icycorrespondtoarelativelylowvalneforther^iprocaldlsp^^^ 
n;are^^.ho.her.avelengtKssuchas.ose^m.ef^amen..anddot^^^ 

r?„faftc«»ency-donbl«iNd.YAGlas«(1064nmand532n»). Inpamcnlar. T 
::".eH.Unm-Neonlaserwaveleng.hsandre,nalsabon.«.no^ 
rVAGlaserwavele„gths,Asmentlonedabov.mese„sitivityofthedrspers,» 
l^lentlnercases — wimr. F— UreHeUnm-Neonw^^^^ 

lln,ange(greaterthanabou.300nn,,wher.sui.bleop«ca.compon™.and«^^^ 

i;^lu,e^ive..Moreo,er,lnen,bodrn.e„tsforwhlchthcdoubh^^^ 

;.a.isnon.H.ica.lyphasc-.na«hcdby.cn.peran.re«n.ng,tosvnnne«calspa^ 
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displacement measurements. ■ ,^™m-tn/ systems provide 

Beeansethedisplaoementanddistancemeasunngmterftrometrysy^m p 

r,^rrprted foT ail tutbulence, they can be 
high-accuracy position measurements corrected for air 

, J fahrirate integrated circuits (ICS), me 

^sys.emsespecia,.ysnitab,eforthedemandsofICfa.rioa«o.. 

Other teamres, aspecu, and advantages of the mvenfon follow. 

Pri-f Pn-rr""" "f tV-Drawinea 

no 1 is.— cdiagramofaHeUum-NeonlaserUshtsourcethat.en^- 
^o— .V.Uted.si„,e«on.p„t.eams.^e.,.n.so„^.s.asedon. 



.enera.:!— ,re,ated,sin.le«o.tpnt.«a^^ 
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rrTo^S. no 4aisasch»a«cofU>eop..ca,a™n.e.e„.forU,es,s.c™a»dm 
Ahisaschematicofanelectroniccircuitinthesystem. 

integrated circuits. ^ti.a wstem using the interferometry 

FIG. 6 is a schematic diagram of a beam vmtmg system usmg 

system of FIG. 4a. 

Prtiilf i1 Pff^npt^o" 
THeinvention fea«^aH*m-N«-nl-Ush.»>«..U.a.S»erat«.w„ 

,.e.:a3.own.nO...a«..00.c,..ca..-..^^^^^^^^^ 
..,....™...o..ea«^^ 

Neon .ascr^n^mon^ch as 32.8 m„,»d causes a 
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separat. ftom one another for daiity. . „ bK 7 and ineludes a laser 

„»^PO«sheda„d— .^^^^^^^^ 
tav;n,arefleoUvi.,ofgrea.erU,a„a^u .9. /.a.«^^^^ 

a. 3.39 microns. T1« minimun. reflecuv.., at 3.39 ».«ons P ^ 
Neon laseremissions in the infared from eomp«.ngw..h the lasmgo 

?r F d mirror .04 and fold mirror 106 are fabricated from glass substrates that 

122. End mirror 104 ana . , 

^t„.,raviolet,i^.,suchasfi,seds..c. Mu».l».a^^^^^ ^^^^^ 

,„..,oss,m«lU.layerdielectriccoatinghav,ngareflee«v..yof^ 

,.633 nmandatransmissionatJl^nmofgreater than about 85/. e.g^V.) 

. . , h,™ 122 and the transmission of harmomc beam 124 through 

2^..nofharmonicbeamm.hroughmirrorl.4formas«.^P^^^^^^ 

.e«ensi.harmo.caU,re,ated,.ng,e«o^^^^^^^^ 

The nlacement and curvature of mirrors 102, 104, and luo 
Theplacemciuo" .„fH,li,im.Neon sain medium 

. ,1, Ill to oass through the discharge bore ofHeUum Neons 
todamentalbeammtopass.hr gn f^„,,„^„f, percent) and to 

, 08 with a minimal diffracfon loss (e.g.. on the order oi 
p^duceabeamwaistinnonlinearorystainOhavrngadiametermd^erangeo 

microns. The min.aldiffracUon.oss produces a TBM^ spa... mode. 
« damental beam 122 (with a similar spatial mode fcr o«put beams 140.. 140b, 
:r~— .= -waistin.henon.earo.«.^«^^ 
inversion efBciency from frmdamental beam 1« to harmomc beam m. In *e 

,5. lngenerd,«> g ..^^ig^atically Compensated 

nonlinear crystal 120. See,e.g.,n.Y & 
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Cavi.iesfcrCWDyoUsc."inmEEJ.Quan.Ele...QE-8:373-379,„72..no*er 
e...i„c„«,.h=opUoa. cavity ca.be fo™eawi«>mi™.havta,ai«e™.pos^^^ 

an, cu~ and n,ore generally. cavity can be tonne<. »i.h or ™ore nmrors. 
Forexample,mela.ercavi,yca„belinear»i.h^»oendnmrorsandoneormore 

intemrediate focusing optic, to produce a suitable spatial mode stntcn^e .n .be cavtty. 

Bireftingen. filter 110 is oriented to preserve the linear polarizatton of 
fi„,a™enta.bea..22andi„troduceaneUipticalpolarizationco.nponent.oli^tatother 

wavelengthstbatpasstbroughthe filter. FilterllOismadem,n.an>atena s.^^^^ 

pobshed crystal quartz and is on .be order of 0.5 n^ tbiclc. I. addmon, filter 110 .s 
orientedso.batftndan,ent^bean, U2 con.ac.s it at Bre«stefs angle to tntn^tze 

reflection losses. 

E.a.on 112 is a Fabry-Perot etalon fabricated fton, a low loss matenal such ^ 

^ quartz (e.g., Dynasil™ or SuprasU™) and is 7 to 30 nun U^c. depending on 

.avity n,ode separation. t.e end ftces of etalon 112 are parallel to ^PP— ^ 

seco!dsofarc.Eta,onn2„inin.izeslossfor„neaxial,node.i«nn.heHe..»n,^~^^ 

^Uonselec.edbyfil.ern«rela.ive.oadjacenta.ia.n.odestocausetl«cav.tyto.ase 

atomythatoneaxialntode. to me presently described cnbodintent, roun tnp 
LLion.ossfora.2n™tbic.fi^-,.ar.zetalo„isO.../.fortbese,ec.edaK.. 
n,odeand0.3%fortheadiacentaxia.n.odes.Thediffe«nceissumc.enttoca.es,„^. 
leoperation.Abeatingelen.entll*is.bem,aUycoup,edt„etalonn2andc„n«,lled 

,y a temperature controller .18 to maintain etalon U2 at a constant t»perature and 
thereby stabilize its optical thickness. 

A piezoelectric tramducer 150 is mechanically coupled to end mtrror 102 to 
^iHzetheoptica.cavitylen^inlaserlOOandtberebys.abilize.hewave.„.^^^^^ 

fi^damenta. beam 122. A wavelength-stabiHty controller 152 causes transducer 50 
adjustthecavitylengthbasedonanerrorsignalderivedf^anoutputbeama^.^ 

ftidamental wavelength. In the pr«en.ly described embodiment, leak^e of fat^e.^.. 
r^«.hroughfoldmirrorl0.providesanadditionaloutputbeammwh.ch.ssput 

..beam splitter 145 into beams 14* and .48. A second beam splitter 147 com mes 
^ ,46 with an output beam 149 fiom a frequency-stabiUzed laser source 143 to 
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o^duce a reference beam 141 whose toe-varying m^nsiry is measured by detector .5 
rdZneabeat^ybe^eenbeamsl^^andH,. Detector ISSsendsas,^^ 

;^:„„.r„„er...„dtca.WeoftHebeatft.,uency.Basedo«tbed— 
.M.^aselectedbea.«,con.ro„erl«causes.ransducerl5«toad,,.*^ 
L.y.en.tbor,aserl«Ot„mt.m.e.Hatdev,at.„n..no.Kerembo^.m».s.^^ 

,52 can canse transducer 150 to adjust the cavity iength based on other t«,e of en^ 
.^KFore^mpl^ratherthancomparingtheoutputWatthefi^damentai 

wave.ength.oa^-s.abiU^^-.'^"™-'^""'^^"''"'''''!,,,^ 
.on^aring.heoutpu.«.othe.e<,„encyproduoedbytempera.ur«on«^^^ 

P^.Perotcavityorbyana,y.ngthetra„smrssionof.heoutputbean,th»^^a^^ 
^sorpdoncellhavingweU-estabiished absorption spectra. For example, seeT. n^egann 

MA;'l9«).Stabili.iBg.hefre,uencyof«mdan,«..a.beaml22aUostabi.izesthe 

frequency ofharmonic beam 124. 

A second detector l.i4 measures the int«.i.y of beam 1« «» P-duce a se«>nd 
^ .ignal 166 indicative of the intensity. Error signal 16* is sen. to power supply 114. 
IhSuststheelectricalcurrenttogahtmediumlOSbasedonthedevtaUonof^^ 
,^all«6.^mapresetlevel.Asaresul..errorsig„a,166causespowersupp,yll4.o 

.Ubi.i« the intensity of fundamental beam 122, which also minimizes intenstty 
fluctuations in harmomc beam 124 caused by variations in Smdamental power to 
nonlinearcrystal 120. in other embodiments, theelectriCcurrenttogamme^tumlOS 

e^bebasedonanerror signal derived ftom the intensity of an outputbeamatth. 

harmonic wavelength. ./-aoc^rr. 
Nonlinear crystal .20 converts a portion of fundamental beam 122 at 632.8 nm 
>ntohannonicbeaml24a,316.4nm.No.linearcrysta,120has.hefoUowingpropemes 

wi.ertion,ossatthewaveleng.hofthe«mdame„.albeaml22;re^vep»pcr..es 

snitableforphasematching flmdamental and harmonic beams 122 and ,2^ and ow 
Irptiona thewavclengthofhannonicbeamU. Preterably,crystall2«,salso 

!Ze«iaayavailableandpolishable.Suitablec.ystaU,nc,udeRubidiumDd.>^^ 
Phospha.e(RDP,.UthiumTriborate(LBO,,Be.a-BariumBorate(BBO,,orUth.um 
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,„da.e (LilO.,. in presently described embodimen, nonlinear cry.al .20 ,s onen.^ 
: C p .wMel,n,eans.ha.— nraland — 

:2eol.ona,po— .o.l.eren,bod.e„..T,P=nP-™^^^^^ 
«^,„,edl.wMehbean.n2andn4Have.l«san,epc.ari.a«o..T..eJ^es^ 

T 120 are out a. Brewster's angle relative to ftmdaraental beam 122 to 

;:r.r ::: -Xypelpbase — canbeaeblevedbyanSle^S. 
ria,phasen«.ebin.orte.peratt.«i.e..no„-cri.iea,phase — ^ 

:,eJsinvo.vesorlentinstbe„onU„eare.stalsot^itsoptiea...^^^^^^ 
noL angle withthe incident tundamentalbeamthatcanses the generatedharmontc 

Zllinin-phasewiththe«tndantentbea,nas.h.ypropaga.etbro„ghth^ 
rZnininvolvesorientingtheop«caxisofthenonl.earcr,st.l.obenonr,a. 

rte!pLL!onbecrvstalatate»pera.„re.beretbere^t.veindices.^n^ 

..stalLtlteortbogonaUypolarized^ntdatnentaland — beams^^^^ 
glralrefc«nceonphasen,atcbinginnon.inearcrys.a.s,see.e.gVG.D.n.trteve.a.,, 

H t ..rrinnlin-nr'lr"-"-""^'^- (Springer Publishing, 1997). 

™,edRDP crystal, which is oriented suchthatthe electric field vector of thndatnental 
I^^l;alle.totheor^p.aneo,crysta,120andtheelectricfieldvect„rof 

! hi .24 is parallel to the extraordinary axis of crystal 120. A temperature 

ta™,omcbeam.24isparall is thennally coupled to nonlinear crystal 

r^ntroUer 121 causes a heating element 123 that is thermally co p 
controller lii " , ^ . , , , deirees centigrade to phase match 

12«,omaintamaconstanttemperatureofabout51.5degreesc«igr P 

• u ™.i7.l»ndl24 At this temperature n,' equals n,. Where 
fimdamental and hatmomc beams 122 and 1Z4. m . . , f„ 

r 124 at 3.64 nm and n," is the refractive index for 
n' is the refractive index for beam 124 at 3 lo.tniu , 

» beam .22 propagates through crystal .20 

k..m 1 11 at 632 8 nm. Because fundamental Beam if. » 

re^;;::^.o.hecrys.al.sextraor.naryaxis,harmonicbeaml.ispm^^^^^^^^ 
^pagationdirectioncoextensiveandco,linearwith«mdame„talbeaml22T^«s,ther. 

rra.eralwaUtoffhetweenbeams.22and.24and.hebeamswinhavesimilar 

IS no lateral wa ^^^^^^^ 
transverse spatial profiles. e.g.,syinmetncTEMoo modes. 

lateral walkoffcrystainocanberelativelylongtoincreaseconversion.^^ 
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i'>A T«th*.nresentlY described embodiment, 
todamenulbeaml22tohannomob«m,124. Into presently 

f . Annlicants have observed that the parallel- 
annther to less than about 5 mmutes of arc. Apphcants nave o 

normal incidence to fundamental beam 122. Helium-Neon laser nAe. 

Helium-Neon gain medium 108 can be any convennonal Heltum Neon 
Helium N „h^„,Uum-Neon laser tube used in the presenfly 

mr u a cross-sectiona diagram of the Helium weon i« 

FIG. 2a IS a cross seen . mr i » metallic bellows 200 connects 

-^^-^irrr; rn.„.>HeUumto 
end minor 102 to a glass vacuum mbe 20 « 
gas 204 at a total pressure of between 1.00 and 3.50 Torr. Adjacent b 

^Lofn.be200iscoatedwithana.un.in„m,ihntoformafirs.electrode206 
surfaceoiniD . perforated ask (known m the art as a 

electrically comiected to power supply 114. Aperfora capiUarytube 
WO 208 supports a glass capillary tub. 210 wittan vacuum tube 202. CaptUary 

PP ^^^jefinestheborediameterofgammediumlOS. 

,08. During operation, the path between electrodes 206 and 2 

^^.eauses optical emission from gas 204. The path through capillary tube 210 

1 .ror 102 and Brewster window 214 defines the laser beam path for 
connecting end mirror lUZ ana Drewsnc .^^ . „f w hv 

\u 112 Forthepresentlydescribedembodiment,anoutputof30Wby 
fundamental beam 122. For tneprescu y ,,9«,Wmeach 
• A„.r» 108 causes laser 100 to produce about 1-2 mW m eacn 
power supply 114 to gam medium 108 causes laser 

of beams 140a, 140b, 142a, and 142b. 

J„.heembodimen.sof.aserl00,gainmedimnl08caninc.udemul.iple 

„ . «0a 220b and 220e as shown in HG. 2b. Each tube mctades 
Helium-Neon gas tubes 220a, 220b, and 
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can flow.e«.«n*=n,. U-sh.ped«.c2.4 i„e,„6esi„.en«lreflec«ve surf, s^.^^^^ 

and 220c are sealed from each anom „,h. 220b to mbe 220.. Addittorud 

232a and 232b fold .he laser beam paA firom tube 220b to tube 
I..„.„do«23.a„d23.o„.ubes220aa„d220c,tes^tively— 

,u ^iMtotheotherparts(notshown)ofthelasercavity. Multiple 

leJenet.. — ----- 
cavitv to keep laser 100 compact. 

cavity to K p additional optics to 

:„ firrttrer en-bodtaents oflas. .00, *e c^^ ^ ^^^^ ^ 

.„ a hollow second electrode 260. Antrreflection-coated wrndows 262 and 264 » 
Tocated a. the opposite ends to sea. the HeUum-Neon gas within garn n,ed,u. .. . 
rl2S,:d2.areelect.ca.l,conp.edtopowcrs^,....^^^^^^ 
deflneacurrentpa.h.ha.causesopticalenassionfiomgas252. Capillary stru 

rrelonga.eLs.sec..o„.oaccon„„odaten,ul.iple.parall..be™p.^^ 
I:g:s.r!c.ure2Massh„w„innC.2d,whiehisacross.sectiona.dragrantofn0.2c 

along the axis A-A. includes roof mirror 272 and 

Returning agam to no. 2c, the cavity run 

. „4.and274b whichsurroundtheoppositeendsofgammedrum 108. Unite 
tti HG 1 cavi,yendmirror.02isposiU„„.dto.hesideofgainmed,um 
"'"I"" rdZ; ;L.^n.e„*mirror..2,a».da.nc„.alb.an..22traveU.o 

rrr,::!d— rcJasprralpatht^u^^ 

lirb:eenmi,rors27.aand2T4b,whereup„nthcbeam.rave.stother™a^ 
l^«csd.sc.ibedabovewi.hr.fcrence.oP.G.l.AlthoughFIG.2cdeptctss„ 

::lLdamentalbeam.22«»oughsah.m».iun,.OS,od.erembodrme„.scan 
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, th«n«;ixt)asses Because capillary structure 254 confines the 

rr:: 

, u « 111 to lase with a symmetric TEMoo spatial mode. 

.33 252 white providing a compact, folded geometry. In parucular, P 
gas252wmiep ,„.„^„oed by the additional mirrors opimiallyfin to 

.^o^ttnheam 122 to mimmize reflection losses. in<i 
^CXlindow2«.yheingcomrecteddirectiy.og.as.s.r„c.n.250toseal 

r.er.hesainmedinm. .addi«o„,mirrors274.a„d2mcan,nc>udea„ 

r:::r— o:rem..ment.can.so^.e„ 
^electrodes 25, and 26« and different shapes for glass structure 250 and captUary 

~Jleremhodimentof.eHelinm..eon.aseraghtsonrce,l.ns^^^^^^^^ 

■ 1 fi.^n„MicvinBUt beam into a resonant external 
3 aHeUum-Neonlaserdirectsasmgle-frequencympuiDe 

^ lode anactivelystabilizedcavitylen^htostabifethewavelengthof 

sm^e axral mode^an ac« y 

smgle-ftequency beam 302, ana an acuvcij 

gain medivmr to stabilize the intensity of inpnt beam 302, 
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i «„ mirror 304 which is one of a plurality of 
input beam 302 is incident on a coupling minor 304, w 

. ntv-^lOenclosinganonlinearcrystal320. Optical 
„.irrors that define an external cavity 310 enclosing ^^^^^ ^ 

.K»om ^02 forms a fundamental beam 322 at a wavoi 5 
^Uon from mpu. beam 302 fonns 

f,v,ontl0to200micronsinnonlmearcrystal320. Nomine 

e^„ency doubles a pomon least one of the mirrors .hat fonn 

hasa,mgle-ftequencywavelengthof316.4nm. A. „i„,„,p^340 
e«e™aloavl.y3.0cou,es— .-andhannomobe^ 3 

„,eoe^ve.hatmo.ea,lv..atea,.n,e«^^^^^ 
«.8«ma„d316.4mn,,espec.Wely.Depe„dmgo„t 0^^^^^^^^^^^ 

«^..albeam3«ca.p™pa...as^ed^^w^*^^^^^ 

"-tlirrrri:— Sea.esa.e.o».m.e. 
I'Tk— e.I-S.PatentKo...0..3«..hee».«-.so..hleha„ 

^'^rr:;r:embod.me„..e--->«-7-^^^^^^ 

,.....ym^.oo....-3..d — 
Mi™.3«.and30,enc.oseoo„lmea.et.^3«B.^^^^^^^ 
,.„coati„g.hati.hi,hlyreflecUvea.632.nme,^. ^^^^^^^^ 
,9.9%. Minor 307 is also highly .ransm.ss,veat316,4,,m,g^ ^^ 

K ,.0./ Outpm beams 340a and 340b emerge through mirror 307 wth e g. 
?■ tTlmW Mdeschbed.nKozlovsl:yetal...m«.ereflecUv.,yof 

g^er than about 1 mW. As desert ^^.^ 

coupling mirror 304 at 632.8 mn ts mtpedance matched to 

.erebyoptimi^gco-pUngofoptiealradl.o«.m.^^^^^^^ 

r:^sTr— ----- 

mirrors. 
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u t of FIG 1 nonlinear crystal 320 is an RDP crystal that is 
As in the embodiment of FlU. i, nomms, j 

• A to nhase match fundamental and harmomc beams 322 and 
centigrade to phase match ^^^^^^^ 

A tta^dacer 330 U mechantaUy connected to mutor 305 and .s contt J 

.,■ »,Uer 332 «hich causes transducer 330 to ad).Bt mirror 305 to 
wavelength-stability controller 332. wlucnc 

M.a.iveotthemtensi.y.ostab,l..ycontroller332,wh,cl. 

, i™r 305 to minimize the intensity of renected beam 335. In other em 
^''■"^^'t Llcavi.yJlOcanbe stabilized for resonanoebyadiustmga 
the cavity length of external cavity jiu ^.m 

invar™ or Super INVAR ,wm ootical surfaces can be protected 

7FRODUR™ which is a low expansion glass. Also, optical suria 

rasnitrosenorotherdryin^asentcanbeusedtosurroundthenonlmearcrystal. 
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^ 3 usea as .he m so- fo, a dUp— and dispers,o„ — 

and 3 can oe ubc _ tjTG 4a A Helium-Neon laser light 

""^^ " 0 " — .ean. a. 

„«x«ns,ve superposmon t,,. ratto of *e «avele«gfl« 

wavelengte X... ..B- «2.8 nm. and X„ e.g.. 316.4 nm. 

(. /X ) hasata»wnva.ue«.a.oanbeexpress.d.a.,ea..app— y.as «here 
a«.n..e.. ^ d,e.o. .ea. spH«e, .pU.s .pe^osed ^ «^-o 
,L^.„ave,engmb.a™s4S2a„d4SS.b=a.4SZa.wave.e.gU, and bean. 488 a. . 

::rr;rdt::p.io.- 

produce a frequency splitting between onn g 

«.nt nf beam 482 by an amount A with respect to its y- 
of the x-polarization component of beam 4W uy 

,.aH^onoon..nenUop,odncebean.4.. 

;,.en.4,4shite«>eop.ica.^uencyof«,ex-po— con-p^nen ofb^48 y 

Lonn. A -*r=3pee..i.,.po.— — nuop^dnce.^^^^^^ 

. ■,■ ,hezaxisiscoUmearmththepropagationdtecUo„otthebeam.mexax,s 

lj.no... Xbeva.„e.of.e.,ue„e,.M«s , and 
«l4,Sand4,4.resp.c«ve>y.anda«n,anyo.de.of™a^.des.n,a..^^^^^^^^ 
.O'sn-aHer) man. he optica, ^uenciesdefinedb, and ... Aco»s.o-opUoal 
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prls.4.aSM,Sa„d4,6S7,,5B,an.b,H..Hm.O.S.Pa«n.AppUoa^^^^ 
«m«i4/.7/98.*econ,ents ofauofwhichareincorporatcaheremby 

"r.^»e»cyspa„.SsP™auce..y*eacou.o.op«ca.— 
m.useofhLdynei„«rferon,«ry«ctai,ues. Oto fluency spUmng 
:lC:o™---a,..„...op„.u...e^yne« 

trlo« fte Helium-Neon laser light source can be used «i* d.spers,on 
rZl-^ — in.er.ero.e«y«es.»blcbcase.e« 

''''":::::::re„..*erorbo.o..^^^^^^^^^^^ 

.„a4,4canaddi«on..yin«oduceafte,»«>cyo.^«.bofl,po.ari.ao„compo..^ 
rls4S:a„d4,S,respec.ive,y. For example. acous.o.p«ca.n,odulaUonsys.e.4„ 

.ansbift*ex-polariza.ioncon,ponen.ofbean.482by/oa„di«y-po.ariza«on 

eo.ponen.by ,../.,andacous.o.op.ealn,odu.aUonsys.e»494oansbift*ex- 

po,ari.Uoncon,ponen.ofbe™48Sby/„' and i« y-po.»za«o„ conrponen. y /„ 
L^ueneyo.se.scan^proveiso.a.ionbe.eenso«rce4.0andd,e— e.er 

'~49,isdirec.Mby-nirror4n»diol«,icbea.spli„er4U,.hicb 
.„Mnr^s4,,andbea.4,.in.obean,4.0.Bean,4.«.usco.pnses.^^^^^^^ 

Ledor.osonalpolariza«oneon.ponen.sarK-«----- 
po.ariza«oncon.po„en.sa...allofwMcharesubs.an«a«ycoc.,ens,v^^^^ 

Bea.-sbapi«sop«os4..n.odi^.e-sversespa..lpro.eo.ea.4^.«.^ 
co»ponen.ofbe=n.42.a. X. have sin,iUr dian,e.ers and, .ore parUcularly, s^lar 
^^verseinrensity profiles as.hoseof«,eeon,ponen.ofbean.420at . ino^^er 

o„..odi»en.s,bean>-shapin,op«cs4,0canbeposi.ionedei«,erbefo«ora««*^ 
3cous«,.opdcaln,odu.a«„nsys«n,sandca„varyd,ebea.ae..or*ebean,a.X 

„He.ever.heyaresepara.ed.omo„cano*er.S„i«..ebean,.shapinsop«cs,nc.ude, 
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transverse intensity profiles. 

Beam«0isd,rec,ed.oani„.e,f=rome,er460ta.mo.ud«apolanzmgbeam 

3pUn=r4«.a«.«o,enec,oM,S,a— .96»™.e^^ 

a movable moasur^nen. objeo. 4«7, a polar,z=r 444, and quarter-wave p.a,« 42 a™i 
4rPo,aH.n.b«™spU«.4«spU.sbea„.4.0in.oa.fe™cebea.4.6,nclu.ngy- 

po,arizedoompone„.sa.»ave.»g«. X. and and ameasu™n«. bean. 418 
«„di„gx.poUH«doo.ponen.a,wave.=ngd.s and Polarizing b«^spU«er 
423 direo.arefe«»=cbean,4,6.ore«orenec.or495. Which redirect beam41*back.o 

U,eb.a:nspU«er 423 whereupon its oomponenu a. wavclcngm. K and X.arenowx- 
polarizedbecau.eofmei^,wopasses.h,ough,«ar.er.wavepia.e42^S«.«^^ 

poi^g bean, spiiner 423 dnec. —en, bean, 41S . re«oreflec.or 4,6, winch 
^.sbeam418baci.tott,ebean,sphtter423whereuponi.scon,ponen.sa. 
waveiengtt. X. and ..are«,wy.po.arizedbeca«aeot*ei.«opa.aes.h.o„gh,n^e,. 
wavepia.e422.Poiarizingbean«sp.i«er423«,en,econ.bines«di,^.edbe^s2*^^ 
4,8 Jfonnexi.bea™4.S. Be,weenpoiarizingb.an,spii«.423and— »«6, 

!Le„.en,bean,4.Spasses.h.o„ghsa34,Swhoae..acUveindexaftec.*e.o.a. 

optical path iengthuaversed by measurement beam 418. 

Becau»oftheseparatereferenceandmeasuren,entpa,hs,mterferome.er460 

int^ducesaphaseshift <p. between the x-poiarized and y-po.arized components of ex.. 
hean,4,5a.wave.ength K and introduces a phase. hilt ben»een the x-poianzed and 
y.poiarizedcon.ponentsofexitbeam415atwaveiengthX,. An expr^sion for the 

phase shifts is given by: 

.fj^Lpkjnj*lij , «here ;=1 or 2 
.he«iisthero«ndtdpdis.ancetraversedbymeasurementbeam418.pis.henun,ber 
of .ound-trip passes in the interferometer (p-l for the presently described .nterferometer). 
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p;«3e-offse.forwave,e„g«,.,.w«chi„c.udesaucon.rib„«o..o.h.pha.eshi«s,, 

^ are no. re,a.«l .o U,. paU. — by measur^en, bea. 4,S. Because 
e„„^n«,«of.easu«n.en.bean,«8.«ave,e„gd. and averse «,e .a.e 
,eo.e.ricdiaunceibu.experiencediffe^treftae«v.indiees and »..U.ephaaes 

can be used to detennine dispersion in gas 498. 

P„,arizer444,ori«.ed,e.g..a.45degrees.o.hep,aneof.heF,G.3a)n„xes«.. 

..a„ay-po.aHzationccn,pcnen.ofex«bea»415ateachofwave>e„ga.X .dX to 
p„,„cean,ixedbea.4„.Adicb..bea..pUner4S«*ensepara«s„^e^bean.41, 

i,.oafirs.signalbean,41,a.wave.e„gU. X. and a second signa, beam 418 a. 

„ave,engd,X..Pbo«.e.ec«icde.ecU>.485and486n.easu«,he«n>e-vaonngin.^^^^ 

„f.gna.b.a»s4.7and4,8,respec«ve.y..oproducei„«rfe«nce.he«n>dynes.^s.. 

and respectively. The signals have the form 

(2) 

,.=^,.cos[a,(0] . 7 = 1 and 2 
where the time-dependent arguments a,(0 are given by 

(3) 



aj{t) = 2nfjt + (fj 



j = 1 and 2 



Heterodynesisn^ ^ are transnUtted to processing system 40, for analyses as 

electromc signals 403 and 404. respectively, in either digital or analog fotmat. 
^lsingsTs.em4.9a,soreceiveselect,odcsignals40.and4«l^mdr.vers4«a^^ 

r^luU^dicativeof.heirrespectivedHvingte,«encies(e.g,he.e^^^ 

frequencies A and A) and phases. 

Kefe,ringU,m4b.processingsystem409ft^erinc,ndese— ^oc«.. 

,«,4Aand ,094B to detemnne the phases and .p,, resp^tively. Processor 1094A 
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d^cnnines based on signal 403 (..) and si^ 401 (heterodyne reference phase a. A 
fordriver4,5).a„dprocessorlO,4Bde.em.„es,,hasedonsisna.404(..)andsi^ 

4M(he.erodynerefer«,«phasea. A for driver 496). The processors can us. e*e, 
di,.Ura„a,o,sipa.processin,.echni,„es,.c.udin,e.,...in,e-h.e^^^ 

such as a digital Hilbert transform phase detector. See, e.g., secnon 4.1 .1 of R.E. B«t. 
:r:,oc:d,<«ps:.h=„r,,d=sign,andap,icati„.".nded.(McOraw„ 
,„3). mother en,bodime„ts.sig„a,s40,and401ca„b.derivedfrom,nae^ref«e^oe 

phase beants produced by mixing the polarization components of a portion of each of 

beams 499 and 490, respectively. 

Phases CP. and cp, determined by processors 1094A and 1094B are next 
muUipUedby/./.and/./.,respectively,inelectronicprocessorsl09SAandl09^ 

respectively.preferablybydigitalprocessing. resulting inphases (/./.)<P. and (ijp).. 

respectively. Thephases (ijp).. and (/./.)cp. are next added together in electromc 
processorl096A and subtracted one from the other in electronicprocessorl097A 
preferablybydigitalprocesses,tocreatethephases a and O . respectively. Formally, 

fl I ^ ^"^^ 



r2 



p p 



(5) 



w«m a and O are transmitted to computer 410 as 
Referring again to FIG. 4a, the phases q,,, » , and a> are ir 

signal 405, in either digital or analog format. 

Porameasurinspathcomprisedofavac^muphase * should substantially be a 

cons.antindependen.ofDoppler.hiasduetoamotionofret™reflec.or496.m^^^ 
not be the case in practice due to differences in the group delay expenenced by the 
e.ectricalsi^s..and... Group delay, often caU^d envelop, delay, descnbes the 
delay of a packet of .fluencies and the group delay at a particular frequency is defined 
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as fte negaHv. of «.c slope of*, phase curve at fte particular frequency [see H.J. 
Bltachikoff a^i A. I. Zverev. TOenng ,„ n.e an4 Fre^uen^ Domains. Section 2.6, 
,976 (Wiley, New York)). If phase * is no. a constant for a measuring path cotnpnsed 
of a vacuum, techniques known to those sMUed in the art can he used to compensate for 
departuresofphase-P 6omaconstan.(c/B,inchikofrandZveriv,,m). I. is important 
tonotethat the group delay effects in * can no. only be detected but can also be 
determined by measuring * as a function of different .ransla«o„a. velocities of 
retroreflector 496 produced bymovablemeasurementobject 467 forameasuringpath 
comprising.vacuum. h. many cases the group delay effects in <P can be significantly 
rrfucedby performing analog-to^igitalconve^ionof signals and as close as 
practical to the photoelectric detectors in detectors 485 and 486, respectively. 
Therefractivityofthegas, („. -l), can be calculated using the formula 



where 

(7) 
(8) 



ti,equanti.y r being fte reciprocal dispersive power of the gas which is substantially 
mdependen.ofenvironmentalconditionsa«lturi,ulenceinthegas. The offset term Q .s 

defined as 
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(10) 



where 



(11) 



(12) 



Values of r may be computed from knowledge of tt.e gas composition and ftom 
knowledge of the wavelength dependent reftactivities of the g^ constiuaents. For 
example, forthe wavelengths e^ual to 632.8 mn and X, e,ua, to 316,4 nm, V cuals 

about 21.4. . ^ 

For those applications related to displacement measuring .nterferometry, the 
heterodynephase <p. andphases » and may be used to determine the geometnc 
distance L , independent of the effects of the reftacUve index of gas 498 m the 
measurement path, using the formula: 



wavelengths can be expressed in terms of (/C/x) from Eqs. (7) and (8) 



(13) 



The ratio of the 
with the result 









.i+(/^/xjJ 



(14) 



When operating under the condition 
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("2-"l) 



(15) 



the ratio Of the phases <D and 3 has the approximate value 



(«5 - "l) 



(16) 



WKereeis«»re.aavcpr«isiondesi^for.hemeasu^e„.of.he«of*e 
,.„.„f«.e.ha„Sein«>eoptioalpa*.«>S.hor«.e«eas.en,en..eg<.ue.o.hesas.and 

the following inequality applies: 



^1 !l < 









(17) 



Eqs. (6) and (13) reduce to more simple forms of 



„^_l = -il-(0 + Q) 



(18) 



I = i 
X 



k<Px-^;i)+r(o+e) 



(19) 



respectively, using the equations above, computer410calculates(..-l) 
changesinLbasedonsignal405fromprocess.ngsystem409. Similar calculations for 

£ can also be performed with respect to n, . 

The presently described embodiment employs a single-pass Michelson 
interferometer as interferometer 460 to pemn. the dispe^ion measurement, but m other 



29 



Z-I36fiiial 
4/20/99 



e„.bo<.in,e„«o«.=r—..e.^o.„in«.ea«can .sobered w,«,e,U.„^ 

™„,«p.e pass^ a«i in eiU.e, similax or different configurations. For example, u .s no 
„eces3a,y«co,„ponenU..»ave,engms K X, be coextensive upon entenng *e 
toterferomcer, on., 1^ .he components a. wavelengO-s X. and X, be co«..«.ive in .he 
region of gas 498 where dispersion is to be measured. Furthennore. other embodiments 
of the irterterometry system can employ o^er processing techniques known in the art 

determine dtspersion. refractivity. and changes in .he geometric distance to the 
measurement object based on phases cp. and <p, . 

The interferometry systems using any of the Helium-Neon laser Ught so^ces of 
thepresent invention described above cancharacterize air «rbu.ence(i.e.,changesm 

.ft^tivity) and use the charaeterized air turbulence to conec. distance measurements. 
AS a result, such interfetometry system using such Helinm-Neon laser Ugh, sources 
p„vide highly accurate measurements. Such systems can be especially useM m 
Ua^ography appUcations used in fabricating large-scale integrated circuits such as 
computerchipsandthelike. Liflxography is the key technology driver for me 
.™conduc«>r manuWuring industry. Overiay improvement is one of the five most 
difficult challenges down to and below 100 mn line widths (design rules), see for 
exampletheS«.com/»«orW«J<rv««"*««',p82(lW)- 

Overlay depends directly on the performance. i.e. a^uracy and prectston. otthe 
aistance measuring interfe^meters us«. to portion the wafer and reticle (or mask) 
^gcs. Since a lithography tool may produce S50-100M/year of product, the economtc 
value from improved perfonnance distance measuring mterferometers is substantial. 
Each 1% increa^ i" yieW "f *e lithography tool results in approximately $lM/ycar 
economic benefit to flte integrated circuit manufacturer and ^bstantial competitive 
advantage to die lithography tool vendor. 

The function of a lititography tool is to direct spatially patterned radiation onto a 
ph„«„esist.oat«i wafer. Theprccess involves determining which locationofthe wafer 

is.oreceiv.theradiation(aUgnment) andapplyingflte radiation to thephotorestst at that 
location (exposure). 
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TO p^pcrty posMon ^ wafe,, .he «afer includes a,ig„me„. n,..s on *e w^r 
..cIll"Mc.ica.ease„so..THen.ea«.e.pos.onsonh^^^^^ 
l.aef,ne.he,oca.io„of.hev.aferwiO.„U.e.o«..«s— on,alongw,m^^^ 

.adiationwiUexposcmecorreClocaaonofmewafer. 

During exposure, a relation source iUummates a pattemed rencl^ wta 

J j Tlip reticle is also referred to as 
the radiation to produce the spatially pattemed radranon. The reticle is 

Tlthltermsareuaedinterchaugeablybelo.. Inthecaseof reducuon 

"^:C:ist.a.Lvert.era.aaonpanernin.oa.a.entintase.th..^ 
'^^general.the.it^graphysy^ent.alsoreferrcdtoasanexposuresi.te.n^ 

-*-r::rirs— ^^^^^^^ 

,andare«c.eorn.«or.pa«.S.^^^^ 
r«dia.o:therehysenera.,„s.hespat,a,lypat.e,nedradiati— 

ease of reduction lithography, the illumination system can tnelude " ^ ^^^^^ 
.thespadaUypattemedradiabonontodtewafer. The imaged rad.at.on exposes 
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(Marcel Dekker, toe. New Vo*. 1998). *e contenu of which is incorporated herein by 

reference. , , 

Werferometry sys.en« using the Heliunr-Neon laser light sources descnbed 

above c^ be used to precisely measure the positions of each of the wafer sug. and mask 
..age relative to other components of the exposure system, such as the lens assembly 
nation source, or support stnrcture. to such cases, the interferomeoy system can be 
attached to a stationary smtcmre and the measurement obiect attached to a movable 
element such as one of the mask and wafer stages. Alt^naUvely. the sin.a.ion can be 
reversed, with the interferometty system attached to a movable object and the 
measurement object attached to a stationary object. More generally, such interferometry 
systems can be used to measure the position of any one component of the exposure 
systemrelative.oanyothercomponentoftheexposuresystem,inwh.ch.he 

interferometry system is attached to, or supported by. one of the components and the 
„,easurementobjectisat.ached,orissupportedbytheotherot.hecomponen.s. 

An example of a lithography scanner 1100 using an interferometry system 1126 
nsing the laser of Ute present invenUon is shown in HG. 5. The interf«ometry system 

any of the HeUum-Neon laser hgh. sou.es described above is used to pr^tsely 
measurethcpositionofawafertno. shownjwithinan exposure system. Here, stageinJ 

isused to positionand support the wafer relativeu-anexposure station. Scanner.lOO 
includes a frame 1 m, which carries other support struc««es and various components 
earned on those strucmres. An exposure base 1104 has mounted on top oft a lens 
housing .106 atop of which is mounted a reticle or mask stage 1116, which is used to 
support areticle or mask. A positioning system for positioning Ute mask relauve «, die 
^posuxe station is indicated schematically by element .117. Positioning system 11.7 
can include, e.,.. pie^electric transducer elements and corresponding control electromcs. 
Although, it is not included in this described embodiment, one « more of d.e 
interferometry systems described above can also be used to preci^ly measure the 
positionofdremasksugeaswellasothermoveableelementswho^positionmustbe 

accurately monitored in processes for fabricating lithographic structures (see ^pra Sheats 
and Smith H ffrr r m '- r""'"'- Trnhnolml 
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Suspended belo« exp<»ure base 1104 is a support base 1113 .ha, cames wafer 
suge 1122 SUge 1122 includes a plane mirror 1128 for rettecting a measurement beam 
,154 directed to .he stage by interferometry system 1 126 using the laser of the present 
invention. A posi.ioning sys.em for positioning s.age 1122 relative .0 interferometry 
sys.«n 1126 is indicated schemaiically by element 1119. Positionmg syst«« 1119 can 
include. e.g., pie^electric transducer elements and cotresponding control electron.es. 
TT,e measurement beam reflect back ,o Uie interferometry system, which is mounted on 

exposure base 1104. 

During operation, a radiation beam 1110. ..g.. an ultraviolet (UV) beam from a 
UV laser (not shown), passes through a beam shaping optics assembly 1U2 and travels 
downward after renectingflom mirror 1114. TOereailer, the radiation beam passes 

through a mask (no, shown) carHed by m«k stage 11 16. The mask (not shown) .s 
i™gedo„,oawafer(no. shown) on wafer stage 1122 viaalens assembly 1108 camedm 

a lens housing 1,06. Base 1104 and to various component supported by i, are ,so,a,ed 
ftom enviromnental vibrations by a damping system depicted by spring 1120. 

In other embodiment of the lithographic scanner, one or more of the 
interferometty systems using a Helium-Neon laser light source described above can bo 
used to measure dist^ee along multiple axes and angles associated for example wth, but 
no, limited to, the wafer and reticle (or mask) stages. Also, rather ti«n a UV laser beam, 
oti,er beams can be used to expose the wafer including, e.g.. x-ray beams, election beams. 

ion beams, and visible optical beams. 

ta some embodiments. tt.e Uthographic scam,er can include what is known m the 
as a column refere»:e. In such embodiments, taterferometiy system 1126 dir^is the 
refer™cebeam(notshow«)alonganex.emalreferencepaththatconUcBareference 

nteor (not shown) mounted on some structi^e that directs tt.e radiation beam. e.g, lens 
housing 1106. The reference mirror reflects tt,e reference beam back to flte 
interferometty sys,em. The inierference signal produced by inierferometiy sys,«n 1126 
whencombiningmeasurementbeam 1154 reflected from stage 1122 and the reference 

beam reflected from a reference mirror mounted on tite lens housing 1 106 md.cates 
changes in titepositionofthestagerelative to U,eradiatio„beam.Furtt,ermore. in otiter 
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embodim«,B fl>e in.crferon.etty system 1126 can be positioned to measure changes m the 
posiUonof reUcle (ornt^k) stage 1,16 or other movable components of the scamter 
system. Finally, the interferomctry systems can be used in a similar feshton w,th 
lithography systems involving steppers, in addition to, or rather than, scanners. 

As is well known in the art, lithography is a critical part of manu&cnmng 
methods for making semiconducting devices. For example, U.S. Patent 5,483,343 
onttines steps for such manufacturing methods. These steps arc described below wrth 
reference to HGS. 5b and 5c. HQ. 5b is a Boy, chart of the sequence of manu&chmng a 
semiconductor device such as a semiconductor chip (e.g. IC or LSV>. a liquid crystal panel 
oraCCD. Step 1151 is a design process for designing the circuit of a semiconductor 
device Step 1152 is a process for manufacturing a mask on the basis of the cin=«it 
pattern design. Step 1153 is a process for manufacturing a wafer by using a material such 
as silicon. 

step 1 154 is a wafer process which is caUed a pre-process wherein, by usmg the 
so prepared mask and wafer, circuits are formed on the wafer through Uthography. To 
fonn circuits on the wafer that correspond with sufficient spatial resolution those patterns 
on the mask, interferometric positioning of the lithography tool relative the wafer ts 
necessary The interferometry methods and systems using any of the Helium-Neon laser 
light sources described herein can be especially useful to improve the effectiveness of the 

lithography used in the wafer process. 

Step 1155 is an assembling step, which is called a post-process wherein the wafer 
p„,cessed by step 1154 is formed into semiconductor chips. This step includes 
assembling (dicing and bonding) and packaging (chip sealing). Step 1156 is an 

inspection step wherein operability check, durabiUty check and so on of the 
semiconductor devices producedbystepllSS are carried out. With these processes. 

semiconductor devices are finished and they are shipped (step 1157). 

FIG 5c is a flow chart showing details of the wafer process. Step 1161 is an 
oxidation process for oxidizing the surface of a wafer. Step 1 162 is a CVD process for 
forming an insulating fihn on the wafer surface. Step 1 163 is an electrode formmg 
process for forming electrodes on the wafer by vapor deposition. Step 1164 is an ion 
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. the wafer Step 1165 is a resist process for 
i„p.3n,i„gprooessforin,p.anung.ons.*ew^^^^^^ 

resolution of such Uthography steps. ^,„ose<i water. Step 11*8 is 

S,epn67isadevelopingP™=«=f"""'"°'"'^*"'"' ... _ 
.fo.removi„gpottiomother.han.h=developedres,st>mage. Step 

anetchiug process fotremovngp ^^^^^^^^^^. 

U*9 is a resist separation process for separattng 
^aferafterbeingsubiectedtotheetchingprocess. Byrepeafng 

patterns are fonned and superimposed on the w*^ 

•--•'■^"iXu.onof.^ 

11-ha^tehea^suchasa.aser, 

':rlLpr«en.on«oasuhs.rateaseither.hesuhs,rateor 

_n.Oge„era.esawritehean.m.a..a^f<.^^^^^^^^^^^ 

.aiat.onhean,toasu.stratem.s.pportedhva..^^s^^^^^^^^ 

„,ativepositionof.hes.age,aninterferon,e.r,sys.e.^-^^^ 

WeonUs^Ughtsourcesdescihredhereiudtrectsareferen^b^l^ 

o»«,Wv 1 214 and a measurement beam iaaw 
^.tedonV^amfocusmg — m^^^^^^ 

1228 mounted on stage 1218. Smce the . ,„„^p,eofasystemthatusesa 

.eamfocusingassemh.y..heheam«ritingsystem.^«-^^^ 

..^reference. ChangesintheposiUonme^ur^J."^^^^^ 

. in thp relative position of wnte Deam i*** 
correspond to changes m the relative p ^^^^ 

X o-^n spnds a measurement signal i m 
Interferometry system 1220 sends am ^^^^^^^^^ ^^3^ 

sends an output signal 1234 to a d*. 
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addMon. conBoll« 1230 sen* a signal 1238 .0 source 1210 .o vao- .he intensity of. or 
Hock write beam 1212 so that me write beam contacts the substrate with an intenstty 
sufficient to cause photophysical or photochemical change only at selected positions of 

the substrate. 

Furthennore. in some embodiments, controller 1230 can cause beam tocusmg 
assembly 1214 to scan the write beam over a region of the substrate, e.g., using stgnal 
1244 AS a result, controller 1230 directs the other components of the system to pattern 
fl,e substrate. The patterning is typically based on an electronic design paUem stored m 
,he controller. In some applications the write beam patterns a resist coat«l on the 
substrate and in other appUcaUons the write beam directly patterns. e.g., etches, the 

substrate. , ^- i 

An important application of such a system is the febrication of masks and reudes 

used in the lithography methods described previously. For example, to fabricate a 
liaography mask an electron beam can be used to pattern a chromium-coated glass 
substrate. Insuch cases where the write beam is anelectronbeam.theb.amwntmg 
syst^n enclosestheelect^nbeam path inavacuum. Also, incases where the writebeam 
is eg. an electton or ion beam, the beam focusing assembly includes electnc field 

gl.era«,rs such as ..uadrapole lenses for focusing and directing the charged parttcles onto 
me substrate under vacuum. In other cases wherethewritebeamisatadiation beam. 

e.g.. x-ray, UV, or visible radiation, *e beam focusing assembly includes correspondtng 
optics and for focusing and directing the radiation to the substrate. 

Omer aspects, advantages, and modifications are wimin me scope of me foUowmg 

claims. 



What is claimed is: 
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